Local breeds of livestock are of conservation significance as components of global biodiversity and as reservoirs of genetic variation relevant to the future sustainability of agriculture. One such rare historic breed, the Chillingham cattle of northern England, have a 350 year history of isolation and inbreeding, yet show no diminution of viability or fertility. The Chilliamham cattle have not been subjected to selective breeding. It has been suggested previously that the herd has minimal genetic variation. In the present study, high density SNP genotyping with the 777K SNP chip showed that 9.1% loci on the chip are polymorphic in the herd, compared with 62-90% seen in commercial cattle breeds. Instead of being homogeneously distributed along the genome, these loci are clustered at specific chromosomal locations. A high proportion of the Chillingham individuals examined were heterozygous at many of these polymorphic loci, suggesting that some loci are under balancing selection. Some of these frequently heterozygous loci have been implicated as sites of recessive lethal mutations in cattle. Linkage disequilibrium equal or close to 100% was found to span up to 1350 kbps, and LD was above r 2 =0.25 up to more than 5000 kbps. This strong LD is consistent with the lack of polymorphic loci in the herd. The heterozygous regions in the Chillingham cattle may be the locations of genes relevant to fitness or survival which may help elucidate the biology of local adaptation in traditional breeds, and facilitate selection for such traits in commercial cattle.
Introduction
Management of inbreeding is fundamental to the conservation of genetic resources. DNA techniques have enabled the degree of inbreeding to be inferred, even where pedigree information is not available, in a wide range of animal species including endangered species, so-called "model species", and commercial livestock. Examples include Attwater's prairie chicken (Hammerly et al. 2013 ), the zebra finch (Santure et al. 2010) , and commercial Kenyan and Norwegian dairy cattle (Gorbach et al. 2010; Hillestad et al. 2015) . The genetic architecture of inbreeding depression and of the purging of disadvantageous alleles has also being investigated using genetic markers, principally in livestock species, and especially in modern commercial cattle breeds (e.g. Purfield et al. 2013 ). These breeds were initially created about 200 years and a relatively small number of generations ago, from closed populations (Felius et al. 2014 ). More recently they have been intensively selected for production characteristics, further restricting the effective population size (Taberlet et al. 2008 ).
New genomic techniques that are being used to investigate and manage the more inbred commercial populations may contribute to the conservation genetics of endangered wild species (Kristensen & Sørenson 2005) . The use of these techniques will also provide a better understanding of the genetic architecture of locally adapted livestock breeds which have been less intensely selected, but which have suffered inbreeding. These breeds are genetic resources in their own right, fundamental to human wellbeing. They are acknowledged under the 1992 Convention on Biodiversity as components of global biodiversity (Hoffmann 2011) , which signatory countries have undertaken to conserve. Studies of such breeds may also elucidate the functional architecture of the genome and this may prove to be of particular relevance to conservation biology in general, as these breeds have been thought for many years to exhibit signatures of natural selection.
In some local populations there has been no management of inbreeding, and here we study a particularly rare cattle breed where this has been the case: the Chillingham white cattle of northern England. These cattle have not been subjected to selection for commercial traits, and have remained a closed herd for at least 350 years. Herd records indicate no diminution of fertility or viability since records began to be kept in the mid-19th century (Hall & Hall 1988; Hall et al. 2005) . The herd currently numbers approximately 50 males and 50 females. Inbreeding for 67 generations and an effective population size (Ne) of 8.0 was inferred by Visscher et al. (2001) .
Under favourable conditions, females begin to show ovarian activity at 10 months of age and bulls have a mature weight of up to 400 kg (Hall, unpublished) . The only recorded congenital abnormalities are in the molar arcade (Ingham 2002) , and there is a relatively high incidence of testicular hypoplasia (Hall et al. 2005) ; the occurrence of the latter has been correlated with increased inbreeding in commercial cattle (Čítek et al. 2009 ). In the light of an earlier demonstration of complete homozygosity at 24 out of 25 microsatellite loci distributed across the genome (Visscher et al. 2001) , it was proposed that the Chillingham cattle have been purged of lethal recessive mutations. However, it is now evident (Curik et al. 2014 ) that 25 microsatellite loci are too few to permit inference of overall lack of genomic variation. The aim of the present study was, therefore, to confirm, by high density SNP genotyping, the apparent lack of variation, to gain further insights into properties of the genome of Chillingham cattle, and to extend knowledge of the genomic architecture of inbreeding as it may be applied to conservation management.
Materials and methods

Animals and genotypes
Biological samples, blood or tissue, were collected from 20 Chillingham animals (seven males, 13 females). As no pedigree records exist for the Chillingham herd and organized sample collection is not possible, samples were obtained from animals that died between 2005 and 2011. Two tissue samples were rejected as being of too poor quality, and DNA was extracted from the remaining 18 samples using the Qiagen DNeasy kit according to the manufacturer's instructions. These samples were genotyped with the BovineHD SNP Chip (777,962 SNPs; Illumina, San Diego, http://www.illumina.com/documents/products/datasheets/datasheet_bovineHD.pdf).
Data were edited for call-rate only. Two samples and 2172 SNPs were discarded because of low call-rate (< 95%). Unmapped SNPs (3302) were not used. In total, 16 animals and 772,488 SNPs were retained for the analysis.
Estimation of genetic parameters
The following genetic parameters were estimated in the Chillingham population: i) the fraction of polymorphic (and, conversely, monomorphic) loci over the total number of loci (polymorphic loci are defined as loci showing multiple alleles segregating in the population); ii) observed homozygosity (HOMOBS); iii) observed heterozygosity (HETOBS); iv) the inbreeding coefficient (Wright, 1949) , where HETEXP is the expected heterozygosity based on allele frequencies (2pq); and v) linkage disequilibrium (LD). Observed homozygosity and heterozygosity were calculated as fractions of, respectively, homozygous and heterozygous animals at each locus over the sample size. LD between each pair of SNPs was measured as r 2 : 
Runs of homozygosity and heterozygosity
Runs of homozygosity (ROHom) were defined as consecutive stretches of homozygous SNP genotypes. A maximum of 2 missing genotypes and 1 heterozygous SNP were allowed in a ROHom. Similarly, runs of heterozygosity (ROHet) were defined as consecutive stretches of heterozygous SNP genotypes. A maximum of 2 missing genotypes and 4 homozygous genotypes were allowed in a ROHet. These criteria were based on previous works on ROHom in cattle: Purfield et al. (2012) allowed 2 missing ad 1 heterozygous SNP in a ROHom using the 54K SNP chip; with the HD SNP chip, Ferenčaković et al. (2013) were more lenient, and allowed up to 64 missing and 16 heterozygous SNP in a ROHom.
Autocorrelations
To test whether the distribution of observed heterozygosity in the Chillingham genome is significantly non-random (i.e. clustered into "runs of heterozygosity"), the autocorrelations between adjacent SNP loci were compared against autocorrelations from a random data series ("white noise 
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where T is the length of the series. Therefore, if > 5% of autocorrelations are outside these boundaries, the distribution can be said to be significantly non-random. (Purcell et al., 2007) .
Results
After data editing, 772,488 SNP genotypes for 16 animals were available, with an average MAF of 0.023 (± 0.079). Of these 772,488 SNPs, only 70,150 (9.1%) were polymorphic in the Chillingham samples, which implies 90.9% of the SNP were monomorphic: the greatest number of monomorphic loci was on chromosome 28 (98.32%) and the lowest on chromosome 12 (81.95%) ( Table 1 ). The overall observed heterozygosity (number of heterozygous genotypes over 16 x 772,488 = 12,359,808 total genotypes) was 0.026 (2.6%), which translates to 0.974 (97.4%) homozygosity. The inbreeding coefficient was estimated as FIS=0.92 (± 0.28). Nevertheless, there is still a significant amount of residual polymorphic loci which are frequently seen in the heterozygous state in the Chillingham cattle population. These loci appear to be distributed non-randomly and are clustered in blocks, or "runs of heterozygosity" (BTA1 and BTA7 in Figure 1 , as illustration; all chromosomes in Supplementary Figure 1) . The autocorrelation test confirmed that this SNP heterozygosity is not distributed randomly (both chromosome-and genome-wide p-values << 0.00001) but is clustered in specific regions. Heterogeneity in recombination rates along the genome was not considered; however, it is not likely to affect results too severely, given the clear observed clusters of heterozygosity and the very low p-value obtained from the test. On average there were 9.5 runs of heterozygosity longer than 150Kb per chromosome. Chromosome 7 had 25 runs of heterozygosity longer than 150Mb and 21% of the chromosome in runs of heterozygosity, while chromosome 28, which had the lowest heterozygosity, had 2 runs of heterozygosity between 5-10Kb. The longest uninterrupted run of heterozygous SNP loci was on chromosome 7, covering 371 Mb (Supplementary Table 1 SNP genotypes were also used to assess the relatedness among individual animals, estimating the genomic relationships as in Van Raden (2008) . Apart from animals CHIL_11 and CHIL_15 there were no particularly related animals (see the heatmap in Figure 4 ) and no strong family structure emerged in the sampled Chillingham population. Based on 54K SNP genotype data, a recent paper on the diversity of 56 cattle breeds (Orozco-ter Wengel et al., 2015) showed that the Chillingham was distant from other breeds, as may be expected from its unusual genome structure. This was confirmed by our results with the HD SNP panel: Figure 5 shows the phylogenetic tree for
Chillingham, Holstein-Friesian, Romagnola and Chianina cattle based on the maximum likelihood graph model implemented in the software TreeMix (Pickrell & Pritchard, 2012) .
Overall, the SNP data confirmed the general lack of variation implied by the microsatellite study of Visscher et al. (2001) , with 90.9% monomorphic loci, 97.4% homozygosity, runs of homozygosity (ROHom) covering 95% of the genome and 14 ROHom longer than 30MB. This contrasts with the proportion of the genome found in monomorphic runs in a study of 42 cattle breeds (Purfield et al. 2012 ) where on average 198Mb (7.5%) of the genome was found in ROHom, with the greatest proportions found on chromosomes 14 and 16 (13.71% and 14.16% respectively).
The chromosomal regions where polymorphic SNP were frequently found in the heterozygous state in the Chillingham genome (runs of heterozygosity, ROHet) may harbour loci associated with fitness and where diversity is an advantage (Curik et al. 2014) . In dairy cattle, 25 haplotypes which were not observed in the homozygous state, were identified at specific chromosomal positions in particular breeds (Van Raden et al. 2011; Fritz et al. 2013; Sahana et al. 2014; Cole et al., 2015) . It is argued that these positions harbour genes with recessive lethal mutations. Of these 25 haplotypes, 18 fall within ROHet detected in the Chillingham genome. These regions are listed in Table 2 , with the average heterozygosity and SNP polymorphism for each region as it occurs in the Chillingham genome. For 17 and 18 out of the 25 regions, the percentage of polymorphic loci and the average heterozygosity, respectively, were greater than the overall polymorphism and heterozygosity of the respective Chillingham chromosome. These chromosomal regions are of functional significance in dairy cattle, and are likely to contain genes involved in embryonic survival. A functional mutation in the CWC15 gene (Sonstegard et al. 2013 ) which is involved in placental attachment has been identified at one of these regions on BTA15 in the Jersey breed. These apparently lethal mutations are breed specific and presumably arose after the formation of the breeds, and therefore are not likely to be present in Chillingham cattle. However, maintenance of haplotypic diversity at such loci may be an advantage for fitness and could be subject to balancing or countervailing selection. However, the strong LD observed in the Chillingham population is consistent with the high level of monomorphic loci, which means recombination events may go undetected. In this respect, the general observation is that domesticated animals have more chiasmata than wild animals of the same life span (Burt & Bell 1987) . High recombination rates may be selected under regimes of strong directional selection for performance (Notter 1999) or by genetic drift in small populations (Otto & Barton 2001) . The Chillingham herd is not under selection for productivity (Hall & Hall 1988; Hall et al. 2005 ) which makes it similar to a wild population. However, given the high homozygosity, it is likely that recombination events are undetected rather than less frequent.
Classical genetics predicts (Falconer & Mackay 1996) 
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